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THE EFFECTS OF ECCENTRICITIES ON THE FIUCTURE 


OF OFF-AXIS FIBER COMPOSITES 
by C. C. Chamis* and .J. H. Sinclair* 

National Aeronautijs and Space Administration 
Lewis Research Center 
Cleveland. Ohio 44125 

ABSTRACT 

Finite element analyses were performed to investigate theo- 
retically the effects of in-plane and out-of-plane eccentricities, 
bending or twisting, and thickness nonumformity on the axial stress 
and strain variations across the width of off-axis specimens. The 
results are compared with measured data and are also used to 
assess the effects of these eccentricities on the fracture stress of 
off-axis fiber composites. Guidelines for detecting and minimiz- 
ing the presence of eccentricities are described. 

INTRODUCTION 

Off-axis tensile data for unidirectional composites are of con- 
siderable interest to the fiber composite community for several im- 
portant reasons. Some of these are: (1) determination of the varia- 
tion of elastic properties and fracture stress (strain) as a function 
of load angle (angle between fiber and load directions), (2) verifica- 
tion of composite macromechanics theories for elastic properties 
and for combined-stress fracture, and (3) generation of fundmnental 
information for assessing anglepliod laminate mechanical behavior. 

♦Aerosjiace and Materials Engineer, respectively, Composites 
and Structures Branch, NASA. 
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An oxtonHtvo Jnvt'stination wan roiuiurtod to study tho nuM’hanlral 
brhavtor and frai'turo rharaidoristii's of off-axis filior I'omiHisilos 
(rofs. 1 and 2). Spooimons of Mt)ni K (^rai>tiitt' roinforiTd oiu)xy) 
wort* proposed and tested with load aiH^les varytn^; from 0 to 90^’ witit 
the fiber direetion. It was found in that investigation that in-plane and 
out-of-plane eeeentrieities ;iffeet the stress (strain) variation aeross 
the width of the sjH*eimen si^nifieantly. The effeets of these eeeentri- 
cities on the tensile strain (stress) variation and fraeture of off-axis 
fiber composites are examined herein usinp: finite element analyses. 
Also the effects of nonuniform specimen thickness on strain (stress) 
variations and fractures are (*xamined usini* finite element analysis. 
The results ol)talned are compared with measured data and are 
used to: (1) assess the effects of I'ccent l icit ies on off-axis ciuiiposite 
tensile fracture and (2) establish ^uideliiu's for delecting and mini- 
mizing eccentricities during testing, 

1N-P1./\NK HKNDINC; KFKKCTS 

Off-axis tensile specimens w ill tend to undergo in-plane bi'iiding. 
This is caused by the coupling between normal and shear deforma- 
tions: this ci>upling will lend to deform the specimen in shear. How- 
ever, the grips prevent the specimen ends from shearing, thereby in- 
ducing in-plane Ix'nding. This in-plane bending induces axial stress 
and strain variations across the specinu'ii width. Tliese variations 
are determined theoretically herein using finite-element analysis. 

The finite eleiiienl used in the analysis is a second- order triangu- 
lar jilate finite element with six mules and two displacement degrees 




ol lrft'k<«>Mi iuhI«', a M’tu'ui.itu* i*l llu* Jmilr r«'|*iVM>nl.U u*n 

IS slumn in ^l{•.ul■«• I I'lu’ iIiiiumisiimis visril in tin* .in.ilysis \\«'ii' 

llu' .nMn.il Crsi sprt’iiniMis T1u*m* slu'wn in llu* .• rlu'in.ilu* .iiu* (i»r 

llu* I0‘\*ll .IMS i«*sl s|u*k*ini«*n. \»*l«* ili.il llu* liniU* »*U*im*nl |•^*^»^»*’ 

Si*nl.ilu»n iiu*liul«*s llu* l.i|u*rr»l «*iul l.il* |u*i’lu'ns pr»»i*’i’lin(*, lu*yoiul llu* 

j’.rip i*iuls. NkMk* .ilsk* llul llu* linili*-»*l**nu*nl r»*pr»*si*n;.ilii'n k*k>nsisls 

1*1 mu* «*l«*nu*nls, r»I*7 iuhK*s. .itul llU-l kl»*p.rt*i*s i*l lrt*»'tU*ni 

KiniU* «*l»*iui*nl .in.ilvsis r»*snlls l»*r llu* .im.iI sIiu*ss v.iri.ilii»n, 

iu*.ir llu* »*iul Mb ^iu*kl»* liiu* 7:i U* lU. lip. H .ir«* sninni.iri. fil pr.ipli 

ii'.illy in lip.nr** 2. riu*s»* slr«*ss v.iri.ii inns \vt*r«* t1i*u*rimiu*il nsiH}*, 

llu* Ir.ii'lniu* b*.uls nl llu* sp»*i*ini«*ns .iiul llu* I’l.islu* I’kVisl.inls snni- 

in.iri.u*kl in l.ibU* I, As n.in b«* s»*»*n in lip.nri* 2. llu* nu»sl .*^ ipnilu’.inl 

.iM.il sli nss v.in.ilinn is Inr llu* 10‘' »’ll-.i\is .‘‘pn'inu'ii willi .i in.iM- 

nunn tlill»*rt*iuv i»l li*.(*''ll'* N I'ln*" ^2-1 Usil lr»»ni k*tl!*,t*-ii*-i*il(*.«* 

•1 1 •! 

plbvlO* Ik* N k*in“ p?7 Ik* Kl UsO^ Aiiilil u*n.il ilisk’ussik»n k*n 

llns v.in.ilu*n is p.ivrn in |•^'^^*^l*lu•^* TIu* iu*\l nu»sl sipnilu’.inl 
.i\i;il sH i*ss v.iri.ilik'ii is llul f**r llu* If**’ i*ll-a\is sp«*i*inu*n wilh .i 
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.iMinnni klii‘ti*ri*iu'k* k*t 7.i*'l0* N i*ni*' ksil tri*ni i'il!*.k*-li*-t*il)*i* 


^2r* l0*' Ik* 17''10*' N i*nr (Ibl Ik* 21* ksO> riu* .iM.il slr»*ss v.ii i.ili**n 

lk*r llu* rk*ni.iinin!*. spk*k*inu*ns is ivkiin niy niiUI .iiui ni.iv bi* i*k*nsuU*iVkl 
.IS insip.nilii’.inl . An inli*rt*i>lint*. |•l*sull slu*\\n in lip.uik* 2 is llu* slr»*ss 
ri*v**rs.il Iri'iikl lri*ni 1*'' ^iiuTk'.isinp li*ll b* ru'liO b* lO'* b*‘'*’i't*.isiiu*^. 

TIu* inipk*ri.inl k*bsi*rv.il ik*n lrk*in flu* pri*k*i*klinj*. klisk*ussik*n is lli.il 
k*ll-.iMs b*n.-.il»* spt'k*ir.u*ns slu»w liip.li .ivi.il sli'k'ssfs .il llu* «*ilj*k*s iu*.ir 
llu* }’.rips in llu* .*'' b* b*‘’ K*.ul .inp.U* r.inpt* .iiul, i'k*n‘'k*nu‘'>il ly. Ir.u'luri* 



should initiati' in tins ro^ion. 

Ci>n»'spoiidiiH; rt'sulls for tlu» axial slross variation art' shown 
in fijjurt* 3. lloro, again, tho signifiranl axial strain variation arross 
tiu' spi'i'inu'n width is for tin* lO" and 15^’ off-axis spofimons. Thoso 
results illustrate tlie importanee of plaeing strain gages as elose to 
the edge as p»>ssil)le near the end-tal> regitm. 

Finite-element results for the axial stress variation at the 

spt'eiinen miillength (renter) are shown in figure A. Only the 10*’ off- 

3 2 

axis speeimen shows a signifieant variation (about ‘JMO* N/em 
(13 ksi)) from eilge-to-edgt' (30xl0‘^ N/em^ to 30x10^ N/ em“ (5(5 to 
43 ksi)). Corresponding!; results for axial strain are shown in fig- 
ure 5. As can be seen in this figure, only the 10^’ and If/’ off-axis 
specimens show significant variations from edge-to-t'dge. 

The important observation here is that in-plane bending produces 
significant axial stress variation at midlength only in the off- 
axis specimen. The significance of this observation is that the P/A 
(fracture load/cross-section-area) stress is a very good approxima- 
tion to the actual axial stress at the center of the off-axis specimens. 
And, in addition, the fracture stress determined from P/A would 
probably be on tlie conservative side. It is impi>rtant to keep in mind 
that these comments apply to specimens with the gage length-to- 
width ratios testeil lierein, which were 14 or greater. 

Cimiparison of finite-element prt'dicti'd axial strains with meas- 


ured data near the specimen t'lid tab at fracture load art' shown in 
figure (5. Corrt'sponding results at the spt'cimen midU'ngth are shown 


r 


in finmv 7. As imm br srrn lri»m thi’Si’ fijiiirt's, Ihr is 

roasonalily jjihhI fo?* llu> llna't* s|u*riim’ns iu*ar Ihr riui lab ami llir bO*' 
spmnuMi al mulliMiulh. Ibmrvrr, llu> apn’rmrnl lor Ihr 10‘’ ami III)'* 
sprrimrns al luiilliMiplh is rolalivoly pt»or. riu’ protlu'li'il rrsulls 
an* aboul 10 ir 20 pi*n*onl hiphor I ban llu* moasurt'il ilala al llu* U’l l 
I'llpo ami ronlor ami an* loss Ihan 10 pi*rOi*nl al llu* nphi oilpo. 

Somo faolors lhal may liavo oonlnbuloil lv> Ihis poor aprt*omonl 
boluoon pro0iolt*il ami m»*asun*il fraoliiro si rains al mullonplh ol 
llu* 10^' ami oil -axis sp»*i*um*ns art*’ 

(1) Inabtlily lo sinuilalt* mallu*inalioally t*.\aolly llu* physioal 

boumlary oomlilit*ns 

(2) Nonlinoar malorial bol*a\ ior iioar I raolun* 

(3) Oul-of-plam* ooot*nl rioilios - bomlinp ami, or Iwislinp 

(4) Varialion in spt*oinu*n lhiokiu*ss 

Iloin (1) was oxionsivoly simliod via sonsiliviiy analysis in rol- 
oronoo 3 aiul I’oumI lo havt* an i*fft*ol ol loss Ilian 5 poroi'iil. Ili*in (2) 
is mil lu*liovi*d lo havo any sipnilioanl ooni r ilniiion booausi* llu* slross 
slrain ovirvi*s (lips. 0 ami 8, I'roin ri*l 1. I’arl I) an* liiu*ar lo Irao- 
turo. Ili*nis 131 ami I II won* invi*slipali*d lu*n*in and an* ilt*soribod 
in llu* iu*xl soolion. Noli* ih.ii ilt*ni 1.3) was also ilisousst'il in n*ti*r- 
onoo 1. 

Or r-OK- PLANK PKNDINC'. AND I’WIS TINC) KKFKCTS 

Tlu* ollools of oul -of-plaiu* bomiiiu: and iwislinp on axial slrain 
won- ovalualod for llu* 10‘’ ami 30^' off-axis spooinions usinp NASl’IlAN 
fNASA Slruoiural Analysis Kinili* Kloiuonl Compuior proprain. 




rt'i r>). TIu' NAS l’KAN iiuhU'I t'f tiu’ s|uu iim n is show n m f»nur»* b, 
Th(' NAS l'HAN luotlrl i-onsihli'ii i»l t«57 mnit's Ui)7l di’flrt'i's ol froo- 
tittm) and 57d i)iiadnl.iU'ral plato bi'ndit)^ i’U'im'nIs whii ti iiu huU'd 
tiu* l.ipt’roil poriMMi llu* I'lui tabs. Nolo that tlu* limti'- 

fU'iurnl rt’pri’snilat mn iiu’liulrs tv\ n urtuips *»l (•It’mt'nts. .\t oacli t*nd 
tlio rli’iJU'iUs aro 0. ir>‘d (’I'ntiimdiM* 10 Oti25 m. ) bm^ thrsr ri'pi't^st'iu 
thf laprrril poriuMi ol llu* n'mli*mnp tal>s aiul thr first (piartrr inrii 
soi:nuMit of tiu' tost soitioM wliioh is tho sdo of tho top strain i;.ip:i’s. 
I'lio roniaimiit: oUmuoiiIs of tin roprt*soiiiatu>n aio 0 218 ooiitiiiiotors 
(0. 125 ill. ) U»ii^. All oli’iiioiits for this ir.odol aro 0 150 oi iitiiiiotors 
(0 0t>25 m. t vvido. Tho oloiiioiii sr/.o was niado small oiiounli to study 
tho /Olios wlioro tlio str.iiii na|.:os woro loi.itod on tho aotual spt*oiiiion. 
Tho niatorial proportios rotpiirod fi>r NASTlfAN woro gonoratod from 
tho olastio oonstants in tablo 1. Tho b*ad t«»r both tIu’ out -ol -piano 
bonding: and twisting nu»monls was 11 3 nowton-niotors flOO in -Ibl. 
Tho valuo of 11 3 iu‘wtim-motors 1100 in -lb) was soloilod mainly for 
oi'iivomoiu o. It oorrospi>nds nnighly to an oooontru ily ol a laniinato 
Ihioknoss Tho olloois of smallor I'ooonirioilios aro ri'adily obtaiiu'd 
by dirooi proportum sinoo a Iiiumi siross analysis was porformod. 

NAS THAN undoft>rmoil and dt'fitrmoil plots duo to out -nf-plano 
boiuling momonts aro shi»wn in figuro 0 fi'r tho 10 ‘* off-axis sp»'oimon 
and III figuro 10 for tho 30" oft -axis spoi inion .\s oan bo siam in 
tlu'Si' plots tho di’fi'rmaiiiMi for both boiuling and twisting aro oon- 
sidorablo 

riio axial sirain variaium duo i»» bonding monu'iits aon>ss tho 
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K|H’fimrn width pr«*dii*ti'd uslni; NASTKAN i»* shown in fi^;uro 11 (solid 
linos fi»r tho lO" and intorruptod linos for tho 30*^’ off-axis spooimons). 
C'orrospimdinj; rosults for axial strain variation at iuidlon^;th aro 
shmvn in fip;uro 12. Tlu' ourvos in thoso fij;uros slunv that tho axial 
strain variation oan ho sip:nifioant noar tho tjrips for both bonding: and 
twistini: and at n\idh'nf;th for bondinj:. This would tond to oxplair tho 
difforonoos botwoon prodiotod and inoasurod data slu>wn in finuros 0 
and 7 and disoussod proviously. 

Thus wo soo that out-of-plano oooontrioitios can oontributo sig- 
nifioantly to tho axial strains. Thoroforo. oaro should bo takon to koi'p 
tiu’in to an absoluto inininunu during ti’stin^ t>f v>ff-axis spooimons. 

TIlirKNKSS VAHIATION KKKKCTS 

Tho offoots of spooimon thioknoss variation on tho axial strain 
woro invostijjatod using NASTKAN and aotual moasurod thioknoss 
variations of tho spooinum (0. 15 to 0. M oni (0,050 to 0.055 in. )). 

Tho finito-olomont nuHiol usod is slu>wn in figuro 8 and has alroady 
boon dosoribod. Tho rosults obtainoil for tho 5^’ off-axis spooimon 
aro oomparod with thoso for uniform thioknoss in figuro 13, .As oan 
bo obsorvod from tho oun os in this figuia’ tho thioknoss variation of- 
foots aro nogligiblo. 

C.TIDK LINKS FOK DKTKCTlNc; AND 
MINIMIZING KGGKNTKIGITIKS 

Tho following guidolinos may bo holpful in instrumonting spooi- 
mons to ilotoot tho prosonoo i>f out-of-plano oooontrioitios during 
tosting: 


I 

B 

(1) For out -of -piano bondint.% place strain glides back-to-back at 
the specimen edge (fig. 14) 

(2) For out -of -plane twisting, place strain gages at both edges on 
the siuiie surface of the specimen near the end tab (fig. 14). 

(3) If, during testing, the differences in the readings from the 
pair of strain gages in (1) or (2) or both become o.xcessively high 
(say, more than 15 percent), then stop the test and realine the speci- 
men to minimize the out-of-plane eccentricities. The strains already 
recorded can be used to guide the direction of the realinement. 

SUMMARY OF RESULTS AND CONCLUSIONS 

The major results and conclusions of this investigation are: 

1. The second-order triangular finite-element predicted results 
showed that in-plane bending has considerable influence on the axial 
strain variation across the width of the specimen. This influence is 
most significant in the 5^ to 30® load-angle range. The predicted 
fracture strain variation was off by about 20 percent from the meas- 
ured data. 

2. NASTRAN predicted results showed that thickness variations 
in the specimen (0. 14 to 0. 15 cm (0.055 to 0.059 in,)) have negligible 
effect on the axial strain variation across the specimen width. 

3. NASTRAN predicted results showed that out -of -plane bending 
and twisting eccentricities have significant effects on the axial strain 
variation across the width for specimens in the 10® to 30® load-angle 
range. 

4. Care should be t;iken to minimize eccentricities that will in- 
duce out-of-plane bending and twisting since these eccentricities 
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havr sijimfirant I'n Iho axial strain. 

5. Vrai’luri' strt'ss i>l utl-aMs ti'iisth* spofinuMis lii'ti’rmiiu’d by 
load to ariM ratio slunild bo on tlio otmsorvativo sido. 
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Figure 4. • Aiial stress variation at midlenglhs For Mod 1/E specimens tor several 
load angles tfinite-elemeni analysis using the eeperimental fracture toad tor 
each specimen I. 
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Figurt 10. - NASTRAN plots ct tht XP all-iiii specimtn shaming detornMd shipes due to 
out -ol plint Kctnlricilits iMod If I. 
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Figure II. - Out-otv'^ne bending end twisting effects on eiiel strain near 
grips of lOP and 'O'* olt-aiis sprciinens from Mod If composites III IN- m 
llXin Ibi m.,,iienlsi 
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figure 1). Schrmdtic i1«i)ic'ting insirummution toitrleil 
out ol pione occrnlriciliet durin<i Irtling ol oil out liber 
conpovles. 



Iigure 14 Comporiton ol linile'elenrnlonolytit retiillt lor S®oll out 
tpecimen iVitl Ui thawing eilnlt ol tpecimon thu. .nett toriolion 
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